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Melting experiments require rapid data acquisition due to instabilities of the molten sample and
optical drifting due to the high required laser power. In this work, the melting curve of zirconium
has been determined for the first time up to 80 GPa and 4000 K using in-situ fast x-ray diffraction
(XRD) in a laser-heated diamond anvil cell (LH-DAC). The main method used for melt detection
was the direct observance of liquid diffuse scattering (LDS) in the XRD patterns and it has been
proven to be a reliable melting diagnostic. The effectiveness of other melting criteria such as the
appearance of temperature plateaus with increasing laser power is also discussed.
PACS numbers: 92.60.hv, 61.50.Ks, 74.62.Fj, 81.30.Bx
Zirconium (Zr) and its alloys have a very wide range
of applications, from the chemical processing (as corro-
sion resistant materials) to the semiconductor industry1.
Moreover, its good strength and ductility at high tem-
peratures and the low thermal neutron cross-section ab-
sorption make it an ideal material for use as cladding at
nuclear reactors2. Alloys of Zr with Cu, Al, Ti and Ni
have been demonstrated to exhibit extraordinary glass
forming ability3, while metallic glass formation in single-
element zirconium has also been discovered, with a wide
stability in high pressure and temperature conditions4.
Zirconium is a d-orbital transition metal with a rich
and interesting phase diagram. At ambient conditions it
crystallizes to an hcp structure (α-phase), while at tem-
peratures higher than 1136 K it transforms to a bcc (β-)
phase. By increasing pressure at ambient temperature it
transforms to another hexagonal, but not close-packed,
called the ω-phase and then back to β-phase around 35
GPa5–7. Similar transitions also occur in other group IV
transition metals, such as Ti and Hf, and it seems that
the electronic transfer between the broad sp band and
the much narrower d band is the driving force behind
those structural transitions.
The high melting point (2128 K) of Zr often classifies
it as a refractory metal. Although there are some works
in the high temperature behavior of zirconium at high
pressures8–11, its melting curve has not yet been investi-
gated and this absence of experimental data has strongly
motivated this study. On the other hand, the high pres-
sure melting of transition metals has always been a sub-
ject of intense debate, because of the large uncertainties
in the temperature measurements and the criteria used
to identify the melting, so that different approaches can
yield very different results. In most cases shock wave
(SW) experiments and molecular dynamics (MD) calcu-
lations provide dramatically steeper curves than those
obtained with the laser speckle method in a LH-DAC,
where the melting is visually detected by observing the
movements on the sample surface during heating. Tanta-
lum is a good example of such a controversy, with melt-
ing temperatures that differ thousands of K at 100 GPa
by applying different experimental techniques12–15. An-
other more recent example is that of iron16,17, where the
speckle method was found to coincide with the onset
of dynamic recrystallization rather than melting. The
observation of a temperature plateau versus laser power
during a laser heating experiment has also been suggested
as a melting diagnostic that works fine in the case of
nickel19, but has not been always reliable. Geballe and
Jeanloz18 have argued that the latent heat of the melt-
ing inside the LH-DAC is insignificant compared to the
heat provided by the lasers, and proposed that the ob-
served temperature plateaus in the laser heating of met-
als are mainly associated with discontinuous increases in
reflectivity rather than melting. Lately, energy disper-
sive X-ray absorption spectroscopy (XAS) has been also
used as a method of detecting melting in metals under
high pressure21,22, by tracking the disappearance of the
shoulder of the XANES signal, as well as the flattening
of the first few oscillations. One of the most consistent
and recent methods for determining melting is with in-
situ synchrotron X-ray diffraction (XRD), by the direct
observation of the first liquid diffuse scattering (LDS)
signal in the XRD patterns17,19,23, as the temperature is
gradually increased.
In this work we investigate the melting curve of the
β-phase (cubic bcc) of zirconium at pressures up to 80
GPa. To our knowledge there are not any scientific data
concerning the melting curve of zirconium. We apply the
synchrotron XRD technique in a LH-DAC, which per-
mits to track any chemical reactions in the sample, such
as the formation of carbides due to the reaction of the
sample with the diamond anvils, and allows for in-situ
temperature measurements using pyrometry. We com-
pare the effectiveness of two different melting criteria:
the appearance of the first liquid signal in the XRD pat-
terns by increasing temperature, and the observation of
temperature plateaus with increasing laser power.
Several membrane-driven diamond anvil cells with
culet sizes ranging from 150 to 350 µm were used to pres-
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2surize the samples. Rhenium gaskets, pre-indented to 30
µm and drilled with a Nd:YAG pulsed laser formed the
sample chamber. The sample assembly consisted of high
purity (99.2%) flattened grain Zr pieces of thicknesses
around 10 µm. Having a high purity sample for melting
studies is important, since a large amount of impurities
could lower the free energy of the system and thus lower
the melting point. The sample was embedded between
two thin disks of KCl in order to provide thermal and
chemical insulation from the diamonds during the laser
heating experiment. KCl also serves as a soft pressure
transmitting medium and a pressure calibrant. A ruby
chip was also installed next to the sample for the estima-
tion of the initial compression of the cell before heating.
All the DAC loadings have been carried out in a glove
box under an argon atmosphere and the KCl was dried
at 100 ◦C for several hours to avoid any amount of water
that could trigger chemical reactions between the sample
and the diamond anvils15.
The in-situ synchrotron x-ray diffraction experiments
have been carried out at the ID27 beamline of the ESRF,
using a monochromatic beam with a wavelength of 0.3738
A˚. The beam was focused to a spot of 3x2 µm2. The
XRD data were collected by a MAR165 CCD detector
calibrated for sample to detector distance with a CeO2
standard. Typical exposure times were in the order of 5
sec and the 2D images were converted to 1D patterns us-
ing the Dioptas software24. The diffractograms were fit-
ted by the Le Bail method using the Fullprof software25.
The samples were heated simultaneously from both
sides by two continuous YAG fiber lasers (wavelength
1.064 µm), providing a maximum combined power of 200
W. The YAG laser is very well absorbed by the surface
of opaque metallic samples such as Zr26. However, there
can be gradients in the temperature inside the bulk of the
sample, especially if the area of the melt is small and thus
difficult to detect by XRD. Therefore, the experimental
procedure has been devised to minimize the temperature
gradients in the samples and in the same time provide
definitive melting criteria. The alignment of the x-rays,
lasers and pyrometry spot were verified after each heat-
ing cycle, and the temperature between the two sides
was kept very similar as we gradually increased the laser
power. The laser spot size was slightly defocused to 20
µm diameter (much larger than the x-ray spot) to ob-
tain a more uniform heating of the sample and reduce
the temperature gradients due to the Gaussian shape of
the TEM00 mode of the lasers.
The temperature has been determined by pyrometry
measurements using the online system of ID27, with re-
flective, Schwarzschild objectives which are by construc-
tion free of chromatic aberrations. Using this setup, the
uncertainty related to the radial temperature gradient is
less than 50 K, while the axial component is below 100
K, giving a maximum uncertainty of 150 K27. The opti-
cal path of the collected black body radiation has been
calibrated using a tungsten ribbon lamp, with a refer-
ence temperature of 2500 K. The temperature is given
by the Planck fit in the wavelength window 600-900 nm.
Despite the absence of chromatic abberations in the op-
tics, the temperature uncertainty can be much higher,
especially at higher temperatures, because of the wave-
length dependency of the emissivity. For this reason we
have compared the Planck fit with two-color pyrometry
measurements, as discussed in28. The pressure was deter-
mined before and after heating by the fluorescence ruby
scale29. The final pressure was estimated by the XRD
measurements, correcting for thermal pressure by using
the thermal equation of state of KCl30.
At the high temperatures provided by the lasers, Zr
was always in the β-phase. We were able to record the
appearance of liquid Zr for six different pressures between
∼29 and ∼80 GPa. Every pressure point corresponds to
a different DAC loading. For most pressure points, we
have carried multiple temperature runs by laser heating a
different, fresh region of the sample. The main criterion
for the detection of melting in our experiments was the
first observation of a diffuse liquid signal in the diffraction
patterns. The liquid signal is mainly located around the
(110) peak of β-Zr (Figs.1a&b). This peak is very close
to the main (111) reflection of KCl , however the melting
curve of KCl is much stiffer than the one of Zr31, meaning
that the observed melt is indeed Zr. Zr can form glasses
at high temperatures, especially at high pressures4, so
we were careful to take the melting points in this study
outside the glass formation line. As a verification, the dif-
fuse signal disappears in the quenched (Fig.1c) data (i.e.
data taken right after switching off the lasers,) meaning
that it cannot correspond to an amorphous/glass phase.
The quenched pattern of Fig.1c also shows that there
was no carbide (ZrC) or oxide (ZrO2) formation during
laser heating due to interaction with the diamond anvils
or the sample environment. Chemical interactions such
as carbide formation can be a big problem in some laser
heating experiments, as in the case of Ta.15
In Figs.1a&b we plot the XRD data for a selected pres-
sure of ∼54 GPa and increasing temperatures. It can be
clearly observed that the liquid signal in XRD increases
with increasing temperature, indicating that the amount
of molten Zr is also increasing. In the same time the
main peak of Zr at ∼9.3 degrees decreases with increas-
ing temperature, showing the reduction of solid amount
in the sample. However, solid Zr persists for tempera-
tures much higher than the melting point in our XRD
patterns, because of the temperature gradients between
the surface and the bulk of the sample, which is scanned
thoroughly by the x-rays. For a given laser power, the
temperature of each side was measured several times be-
fore and after the XRD pattern, from both sides, in or-
der to verify that the temperature is not shifting sig-
nificantly between measurements. The measured x-ray
background is constant at low temperatures and starts
increasing gradually after a given temperature, provid-
ing the signature of melting. The melting temperature
was defined as the average temperature between the last
solid-only pattern and the first observed pattern with
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FIG. 1: (Color online) XRD patterns for a heating run
at 54 GPa: a) Full spectra, indicating the main peaks of
β-Zr and KCl. b) Zoom of the molten region for
different temperatures. c) Quenched data, indicating
only Zr and KCl peaks, thus no ZrC was formed upon
heating.
FIG. 2: (Color online) 2D XRD spectra at a thermal
pressure of 54 GPa: (a) solid β-Zr at 2960 K and (b)
solid and (mainly) molten Zr at 3610 K.
liquid signal as we increased the temperature. For the
example of Fig.1a, the liquid signal starts to appear be-
tween 3290 and 3450 K and thus the melting temperature
was defined to be (3290+3450)/2=3370 K at 54 GPa. In
Fig.2 the two-dimensional XRD data are shown for two
cases: a) hot but solid β-Zr (2960 K) and b)solid and
liquid mix of Zr well above the melting line (3610 K).
The diffuse scattering background is obvious and even at
the highest temperature reached in this run (3610 K),
some signal from solid Zr persists, although it is reduced
significantly, meaning that even at this temperature Zr
is only partially melted. KCl remains unmelted, since it
has a much higher melting point31, however it has started
growing single crystals, as it can seen from the spots in
the diffraction patterns of Fig.2b.
Fig.3 resumes the experimental pressure-temperature
conditions for all the XRD patterns recorded. Zr crystal-
lizes upon heating and these small crystals appear and
disappear in the 2D diffraction patterns with increasing
temperature due to small movements in the surface of the
sample. This effect has been referred to as fast recrystal-
lization and in many cases it can lead to an underestima-
tion of the melting point. In some previous works using
optical-based diagnostics, such as the speckle method,
the melting was attributed to this ”fast recrystallization”
and yielded temperatures much lower than the actual
melting temperature, especially at higher pressures15,17.
In our data the threshold of fast recrystallization and
melting seem to differ around 1000 K for most pressure
points. In the absence of other melting data for Zr, com-
paring with a recent work on Ti, another d-orbital tran-
sition metal, has shown discrepancies of 500 K between
fast recrystallization and melting23, while in Fe the dif-
ference was found to be close to 1000 K17.
Hrubiak et al.20, on their recent work on Mo, they dis-
cussed thoroughly the phenomenon of fast recrystalliza-
tion by observing the quenched data obtained from differ-
ent temperatures. They observed the appearance of pre-
ferred orientations on the quenched data obtained from a
recrystallization temperature (i.e. before melting). This
preferred orientation gave place to a fine grain structure
(with random orientation) for quenches obtained from
temperatures above melting. In our case we have followed
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FIG. 3: (Color online) Experimental points for LH-DAC
β-Zr and KCl.
a different methodology since we quenched the sample af-
ter obtaining evidence of melting from the in-situ diffrac-
tion patterns, so it is not possible to define melting by
observing the microstructure changes in Zr upon heating.
However, we have observed a fine-grain structure for Zr in
the quenched patterns obtained after melting (as shown
in the Supplemental Material), in good agreement with
the work of Hrubiak et al.20.
Another method that has been thoroughly used for the
estimation of the melting line in various works is the pres-
ence of temperature plateaus upon heating. Figs.3a&b
show the sample temperature as a function of time, which
accounts for increasing laser output. In most of the cases
the temperature is increasing rapidly and linearly at low
laser power inputs (Fig.3a). In some of the runs the tem-
perature exhibited a plateau, or showed minor fluctua-
tions within error bars near the melting point (Fig3a).
However, there are runs where plateaus can be seen well
below the detected melting points, that are not asso-
ciated with fast recrystallization either (Fig.3b). For
some experiments the temperature slope during the laser
power increase changed several times during a heating
cycle (Fig.3b). It is clear that the temperature satura-
tion method as a melting criterion has not a great repro-
ducibility in the case of Zr. There are many reasons why
the rate the temperature increases can change in a LH-
DAC. The main reason that has been proposed are the
discontinuous reflectivity increases in the sample, that
cannot however be a reliable indicator of melting since it
is not an intrinsic property of materials18. The increase in
the conductivity of KCl with the increasing heat provided
by the lasers could also explain why the temperature does
not always increase with laser power. Alternatively, the
fact that the two criteria of XRD diffuse scattering and
temperature plateaus do not always agree in the case of
Zr could also be related to the small differences in the
thickness of the sample and KCl layers between the runs,
which affect the thermal isolation of the sample, or the
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FIG. 4: (Color online) Temperature measurement vs
time (laser power) for a heating run at a)65 GPa and b)
54 GPa. The melting temperature defined from XRD
(including errors) is denoted by the pink lines.
heating efficiency inside the DAC. Thus the observation
of temperature plateaus for defining melting, although it
can work in some cases19, does not seem to be a con-
sistent method because it depends on many parameters
that cannot be calculated quantitatively and in-situ in
a laser heating experiment. The temperature vs laser
power data for runs at different pressures are shown in
the supplemental material (SM).
All the melting points obtained in this study are dis-
played in Fig.5. The melting curve presented is corrected
for thermal pressure and is fitted using the Simon-Glatzel
equation32, yielding:
Tm = T0 × ( Pm
42.58± 11.34 + 1)
0.56±0.09 (1)
where T0=2128 K is the ambient pressure melting
point of Zr, Tm the melting temperature and Pm the
melting pressure at each point. The Simon-Glatzel equa-
tion gives satisfactory results for the given pressure range,
as is the case for many metals19,33.
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FIG. 5: (Color online) Melting curve of Zr. The yellow
solid line corresponds to the Simon-Glatzel curve fit.
The fast recrystallization curve is also shown with a
blue dashed-dotted line, as derived from the data of
Fig.3. The dotted black line corresponds to the melting
curve obtained using the Lindemann law.
The melting curve can be also calculated using the
Lindemann law34:
Tm = T0 × (V/V0)2/3exp(2γ0/q(1− (V/V0)q)) (2)
In this equation γ0=1.01 is the Gruneisen parameter
for Zr taken from Goldak et al35 and its volume depen-
dence is taken as q=136. As seen in Fig.5, the results
obtained from the Lindemann equation are generally in
good agreement with the Simon-Glatzel fit for most of
our data. However, it appears that the melting slope ob-
tained this way is slightly higher. Errandonea37 in a work
concerning Mo, Ta and W has found that the Lindemann
law could overestimate the melting point of bcc transi-
tion metals at high pressures. This can be due to the fact
that the Lindemann law takes into account only the ther-
modynamic parameters of the solid phase and completely
neglects the liquid, which could lead to inaccuracies.
In absence of other experimental data for Zr, we com-
pare the melting curve with the one of Ti from ref.23,
which is a transition metal with the same electronic con-
figuration. The melting curves in both Zr and Ti have
been determined using similar experimental methods in
these two works. By the Simon-Glatzel fit it is possible
to calculate a melting slope dTm/dP = 28 K/GPa for Zr,
defining it as a low melting slope material. The low slope
for Zr (and also Ti) is because of the partially filled d-
electron bands and it is a frequent phenomenon in tran-
sition metals. It has been proposed that the loss of long-
range order due to melting can induce a change in the
liquid density of states (DOS) and therefore a decrease
in the melting slope, and materials with filled bands and
DOS that do not change significantly upon melting, such
as Cu, Al, or noble gases, have systematically much step-
per melting curves than the partially filled bcc transition
metals38–40. Also in metals with partial filled d-bands,
icosahedral short-range order can be favored energetically
in the supercooled liquids and melts, and it has already
been observed for Zr41. These short-range structures can
act as impurities that lower the free energy and thus the
melting slope42,43. Although we have only observed par-
tial melt in our data and thus it is not possible to perform
a full pair distribution function analysis, we cannot rule
out the possibility of an icosahedral short-range order in
Zr. In both Zr and Ti, the pressure generates an s-d elec-
tron transfer and an increase in the concentration of local
structures which lowers even further the melting slope.
In conclusion, the high-pressure melting curve of β-Zr
has been studied using synchrotron x-ray diffraction in a
laser-heated diamond anvil cell. The appearance of liq-
uid signal in the in-situ x-ray patters has been proven to
be a reliable diagnostic, that has in the same time the
advantage of detecting any possible unwanted reactions
in the sample during heating. On the other hand, the
observation of temperature plateaus cannot reproduce a
specific pattern for melting, and therefore this method
was proven unreliable in the case of Zr. This is, to our
knowledge the first set of experimental data on the melt-
ing curve of Zr and we expect that it will greatly motivate
further experimental and theoretical studies on the sub-
ject, using different techniques.
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